Homeobox genes play important roles in animal development. We isolated a chick homeobox gene, cbx, and studied its function during embryonic development. The deduced Cbx protein contained 376 amino acid residues. Its homeodomain was related (with 65-71% sequence identity) to that of human Crx, human Cart-1, and chick Alx-4. On searching the human genome sequence, a human homologue was found, which had 78% overall sequence identity and a 100% identical homeodomain. In the developing chick retina, cbx was expressed in a small fraction of post-mitotic cells residing at anatomical locations typical of bipolar cells. These cells were Goa 1 and protein kinase C 2 , suggesting that they were probably cone bipolar cells. cbx mRNA was also detected outside the retina, particularly in the tectum and Rathke's pouch. Replication-competent retrovirus was used to drive misexpression of cbx and of an Engrailed repression construct. Engrailed-mediated repression of Cbx was embryonic lethal, while misexpression of cbx itself was tolerated. In the retina, misexpression of cbx resulted in fewer PKC 1 bipolar cells. Our data suggest that cbx is essential for embryonic survival and may participate in the development of bipolar, probably cone bipolar, cells in the retina. q
Introduction
The vertebrate retina is a stratified structure with three nuclear layers, separated by two synaptic layers. The three nuclear layers contain the cell bodies of six major types of cells: photoreceptor, horizontal, bipolar, amacrine, ganglion, and Müller glial cells. The anatomical location of each type of cell is stereotyped within the well-stratified retina. Each cell type may consist of different subtypes that can be recognized morphologically and molecularly. Retinal bipolar cells occupy approximately the apical half of the inner nuclear layer (INL), and consist of rod bipolar cells and cone bipolar cells, which in turn can be divided into several subtypes (Dacheux and Raviola, 2000) . The main function of bipolar cells is to modulate and relay electrophysiological signals received from photoreceptor cells directly or indirectly to the ganglion cells. During the development, bipolar cells are the last-born neurons in the retina (Altshuler et al., 1991) . The molecular events underlying the bipolar cell differentiation are not well understood.
It is well known that homeobox genes play important roles during embryonic development in both invertebrates and vertebrates. In the vertebrate retina, bipolar cells express a number of homeobox genes, including chx10 (Burmeister et al., 1996) or vsx-2 (Levine et al., 1994 Passini et al., 1997 Passini et al., , 1998 Hayashi et al., 2000) , chx10-1 (Chen and Cepko, 2000) or vsx-1 (Chow et al., 2001) , zrx3 (Chuang et al., 1999) , and crx (Liu et al., 2001) . In addition to their expression in bipolar cells, all these genes show expression either in other retinal cells, such as progenitor cells or photoreceptor cells, or outside the retina, such as in other regions of the central nervous system. Mutation of chx10 was found to impair retinal progenitor cell proliferation and bipolar cell differentiation (Burmeister et al., 1996) . The functions of most other homeobox genes in the development of retina bipolar cells are not well understood.
We cloned cbx, a novel chick homeobox gene that contains a homeodomain moderately homologous to human crx and chick alx-4. Expression of cbx was observed in the tectum, Rathke's pouch, the retina, and other regions of the central nervous system. In the developing chick retina, cbx was expressed in a restricted number of cells having characteristics of cone bipolar cells (thus the name chick bipolar homeobox gene). Misexpression of cbx in the developing chick retina caused a decrease in bipolar cells that expressed protein kinase C (PKC, a marker for rod bipolar cells). Inhibiting the transcription activation activity of Cbx through Engrailed-mediated active repression resulted in embryonic death. These observations suggest that cbx is vital for embryonic development and plays a role in the development of certain bipolar cells.
Results

Sequence analysis of cbx
Screening of cDNA libraries resulted in the isolation of cbx cDNA. The longest clone contained an insert of ,2.3 kb. Sequence analysis revealed an open reading frame from 425 to 1555 nucleotides, encoding 376 amino acids. Sequence comparison with the NCBI database revealed a paired-type homeodomain (Fig. 1A) . The homeodomain (Fig. 1B) was 71% identical to that of chick Alx-4 (Takahashi et al., 1998) , 70% to human Cart-1 (Zhao et al., 1993) , and 65% to human crx (Chen et al., 1997; Furukawa et al., 1997) . Outside the homeodomain, Cbx showed little homology with these sequences, indicating that cbx is a novel homeodomain gene. Cbx lacked the CVC domain present in Vsx family members (Chow et al., 2001) .
A comparison of chick cbx with the human genome sequence identified homologous sequences located on chromosome 1p33, from 35,526,321 to 35,520,830 nucleotides. By comparing this human genome sequence with chick Cbx, we generated a putative human Cbx protein sequence by manually deleting regions that appeared to be introns. The human Cbx contains 370 amino acids encoded on four exons (Fig. 1A) . Human Cbx was highly homologous to chick Cbx, with a 78% overall sequence identity and a 100% identical homeodomain (Fig. 1A) .
The spatial and temporal expression pattern of cbx
In situ hybridization showed a striking spatial restriction of cbx expression. Expression of cbx was observed in the mesencephalon ( Fig. 2A) , which develops into the optic tectum; Rathke's pouch (Fig. 2B, D) , which develops into the anterior lobe of the pituitary gland; the olfactory epithelium (Fig. 2A) ; the myelencephalon (Fig. 2C) , which develops into the hindbrain; and the spinal cord ( Fig. 2A, E) . Expression of cbx in the retina, myelencephalon, and spinal cord appeared highly restricted to a very small number of cells. In comparison, more cells in the mesencephalon and Rathke's pouch expressed cbx.
During the early stages (E4 and E5) of tectal development, cbx expression was detected in cells still in the ventricular zone, where proliferating cells reside (Fig. 3A) . In the later stages, cbx mRNA was mostly found in cells located at a particular layer in the mantle zone, where young neurons migrated into and occupied their prospective anatomical locations (Fig. 3B ). The majority of cells expressing cbx were distributed by E19 in layer 9 of the stratum griseum et fibrosum superficiale (SGFS; Fig. 3C ).
Cell type-specific expression of cbx was strikingly obvious in the retina. Expression of cbx was observed as early as E4, when the chick retinal epithelium began to express differentiation markers of ganglion cells -the first group of retinal neurons was born. Notably, cells expressing cbx were not randomly distributed in the retinal neuroepithelium at this early stage. Rather, they were found near the apical side (Fig. 4A) . A similar spatial pattern was observed at E6, when the retina still lacked a demarcation of its three nuclear layers (Fig. 4B ). When the retina has the three conspicuous nuclear layers, cbx expression ( Fig. 4C ) was detected in cells at anatomic locations typical of bipolar cells that expressed chx10 (Fig. 4E ) and otx2 (Fig. 4F) . Like chx10 or otx2, cbx was expressed in cells scattered in the outer portion of the INL, but not in the cells forming a monolayer at the very apical end of the INL (typical of horizontal cells) or in the middle of the INL (typical of Müller cells). These suggested that cells expressing cbx were bipolar cells. Unlike chx10 or otx2, which were expressed in essentially all bipolar cells, only a subset of bipolar cells expressed cbx. Expression of cbx in a subset of bipolar cells was maintained throughout the retinal development (Fig. 4D ). Weaker expression was detected in retinas of hatched chicks, and no expression was detected in the retina of 30-day-old chicks (data not shown).
The striking spatial pattern of cbx expression in the retina implies that cbx might be expressed in post-mitotic cells destined to differentiate into certain bipolar cells. To address this question, we performed BrdU and cbx expression double-labeling. Chick embryos were pulsed with BrdU for 4 h and their retinas were fixed. Expression of cbx was revealed by in situ hybridization, and incorporation of BrdU was identified with a specific antibody. The two probes labeled different cells, and no double-labeled cells were detected (Fig. 5A ). Thus, cbx was likely expressed after a cell was withdrawn from the cell cycle.
Since only a subset of bipolar cells expressed cbx, we then studied whether these bipolar cells were rod or cone bipolar cells. Published studies show that rod bipolar cells can be identified with an antibody against PKC (Negishi et al., 1988; Milam et al., 1993) . We performed double-labeling experiments to determine whether the cells expressing cbx were PKC immuno-positive. We used retinas at E16 and those older, because in our experience PKC immunoreactivity was below the level of detection in retinas younger than E14. A specific antibody against recombinant Cbx was generated from rabbit antisera through affinity purification. In agreement with the in situ data, antibody against Cbx stained the nuclei of a subpopulation of bipolar cells. These Cbx 1 cells, however, were PKC immuno-negative (Fig. 5B) . In addition, Cbx 1 cells and PKC 1 cells resided at different histological locations in the INL. Specifically, the Cbx 1 were more apical than the PKC 1 cells. To determine whether cells expressing cbx were cone bipolar cells, we performed double-labeling with an antibody against Goa, a marker for bipolar cells (Vardi, 1998) . Essentially, all the cells expressing cbx were Goa 1 , but not all Goa 1 cells expressed cbx (Fig. 5C ).
Misexpression of cbx
To study the function of cbx in retinal development, we first used a gain-of-function analysis. We subcloned the coding sequence of cbx into RCAS, a replication-competent retrovirus, to drive widespread expression (misexpression) of cbx in the developing retina. Immunohistochemistry with a specific antibody against a viral protein p27 showed that on the average more than 70% of the retina was infected with RCAS-cbx ( Fig. 6A ; data not shown). The eyes from embryos infected with RCAS-cbx appeared the same as the wild type or control eyes infected with RCAS-GFP. There was no change in eye size. Retinas infected with RCAS-cbx appeared to have a normal histological structure, including normal lamination. There was no thinning or thickening of the outer nuclear layer (ONL), the INL, or the ganglion cell layer (GCL) (Fig. 6B, C; data not shown). Immunohistology with anti-PKC antibody showed that retinas infected with RCAS-cbx contained fewer PKC 1 cells (Fig. 6B ) than the control retinas misexpressing green fluorescent protein (GFP) (Fig. 6C) . We quantified the difference by counting the number of PKC 1 cells. To minimize possible topographical variations, we used retinal sections at anatomically equivalent locations (all retinas were sectioned at a fixed orientation), namely at or near the meridional plane through the nasal and temporal quadrants. From these cross-sections, only the central-peripheral region of the retina was included. The peripheral and central regions were excluded on the grounds that the peripheral retina was developmentally delayed and the central retina often lacked sufficient viral infection. Shown in Fig. 6D were the means^SDs of PKC 1 cells per view area under a 20 £ objective. Approximately 29% fewer PKC 1 cells were found in retinas misexpressing cbx and in the control, both at E16 and at E19. This decrease was statistically significant at the 0.01 level.
Embryonic lethality of En-cbx(HD) misexpression
To carry out loss-of-function study, we used Drosophila Engrailed-mediated active repression to repress the activity of the Cbx protein. Studies showed that fusing either the homeodomain or the entire sequence of a homeobox transcription factor with the repressor domain of Drosophila Engrailed produces similar results (Zuber et al., 1999) and homeodomain was used in most of the published studies. We fused the homeodomain of Cbx with the repressor domain of Drosophila Engrailed to generate an active repression construct of En-cbx(HD). This DNA cassette was subcloned into RCAS. Retrovirus RCAS-En-cbx(HD) was microinjected into the neural tube and the subretinal space at E2 to achieve retroviral-driven expression of the repression construct.
Repression of Cbx was embryonic lethal, and most of the deaths occurred between E9 and E14 (Table 1) . One embryo survived till E14 and was found dead on E15. No embryos survived past E15. Similar infections with virus expressing GFP had no detectable effect on embryonic survival (Table  1) . Similar infections with virus expressing the repressor domain alone (En) had no detectable effect on embryonic survival (Table 1) .
Discussion
cbx appears to be a novel homeobox gene. Its human homologue resides at chromosome 1p33. The high degree of sequence identity between the human and the chick sequences suggest that cbx is probably evolutionally conserved among vertebrates. Yet, the NCBI's database contained no homologues of other species. In the chick, cbx expression was observed in various parts of the developing embryos, including the tectum, Rathke's pouch, the retina, the spinal cord, and the developing hindbrain. In all these tissues, expression of cbx appeared to be restricted to certain type(s) of cells. In the developing tectum, which contained the highest number of cbx-expressing cells among these tissues, cbx expression was first detected in the ventricular zone, where active cell genesis takes place, and then in a particular layer of the mantle zone, which happens as a result of the migration of those cells from the ventricular zone into the mantle zone. In a well-stratified tectum, most cells expressing cbx were found in layer 9 of the SGFS. These dynamic spatial and temporal patterns might reflect the transient locations at earlier developmental stages of the same cells. This particular group of cells might be born at E4-E5, which migrate into the mantle zone by E8, and primarily occupy layer 9 of the SGFS by E19. Thus, cbx expression in the developing tectum might coincide with the genesis, migration and the differentiation of certain cells in layer 9 of the SGFS. In the retina, cells expressing cbx were located at the anatomical location typical of bipolar cells. These cells were likely to be ON cone bipolar cells, since they were Goa 1 and PKC 2 . The low number of cells expressing cbx suggests that only a subset of cone bipolar cells expressed cbx; the specific identity of these cone bipolar cells remains unclear. Surprisingly, at early stages, such as E4, when the retinal neuroepithelium consists primarily of proliferating neuroblasts, cells expressing cbx were not randomly distributed in the retinal neuroepithelium. Rather, they resided at the future position of bipolar cells. This suggests that the retinal neuroepithelium at this early stage may be better organized than we currently appreciate.
We used retrovirus RCAS to drive misexpression of cbx. Our previous studies show that when the virus is injected into the neurotube and the subretinal space at E2, it can effectively infect the retina, the neural tube, and even tissues outside the nervous system (Yan and Wang, 1998; Li et al., 1999a Li et al., ,b, 2001 . We showed in this study that the retina was highly infected by RCAS-cbx. Misexpression of cbx in the developing chick retina resulted in a decrease in the number of PKC 1 cells. This observation suggests that cbx does not favor the development of PKC 1 rod bipolar cells. This scenario is consistent with cbx expression in PKC 2 bipolar cells. It is also in agreement with the result of loss-of-function study in which expression of a repression construct of En-cbx(HD) resulted in an increase in PKC 1 cells. We fixed the retina from a dying E15 embryo infected with RCAS-En-cbx(HD) and found that the number of PKC 1 cells was moderately higher (9%) compared to that of a control retina infected with RCAS-GFP. The increase was statistically significant at the 0.05 level. However, this particular line of evidence was weak, because the scope of the loss-of-function study was very limited due to the death of experimental embryos. It is unclear whether the decrease in PKC 1 cells in RCAS-cbx experiments was a result of cbx inhibiting rod bipolar cell differentiation, or switching the fate of rod bipolar cells to that of certain cone bipolar cells. This question needs to be addressed in future studies. In any event, observations from the different approaches seemed to be in agreement and suggest that cbx is probably involved in the development of a subpopulation of cone bipolar cells in the chick retina.
Engrailed-mediated active repression has been reported to be 50-100-fold more potent than a traditional dominant negative construct (Badiani et al., 1994; Lagna and Hemmati-Brivanlou, 1998) . Han and Manley (1993) have examined the specificity of En. They reported that En does not repress the activity of several basal promoters in the absence of activator expression; thus, En is a specific repressor of activated transcription. En-mediated active repression has been widely used to elucidate the function of many genes particularly homeobox genes (Jaynes and O'Farrell, 1991; John et al., 1995; Fan and Sokol, 1997; Mailhos et al., 1998; Li et al., 1999; Wei et al., 1999; Zuber et al., 1999; LaBonne and Bronner-Fraser, 2000; Becker et al., 2001; Jamali et al., 2001 ). In our study, expression of Encbx(HD) resulted in the death of experimental embryos. No lethality was observed with the expression of the repressor domain itself, En-neurogenin2(bHLH) (our unpublished data), En-cNSCL1, or En-cNSCL2 (Yan and Wang, submitted for publication). These results suggest that the transactivation activity of Cbx was effectively repressed by the repressor domain of Engrailed in the En-cbx(HD) construct, and that cbx is indispensable for embryonic survival.
Experimental procedures
Cloning of cbx
To generate a probe for library screening, human crx was RT-PCR amplified from Y79 retinoblastoma cells with primers based on the published sequences (Chen et al., 1997; Furukawa et al., 1997) . After cloning and sequence verification, human crx was used to screen an E18 chick retinal cDNA library constructed with l-ZAP II (Stratagene). While the majority of the positive clones contained inserts of chick otx2, one primary clone corresponded to a novel homeobox gene. From this clone, a hybridization probe was synthesized and used to screen an E8 chick brain cDNA library. Thirty positive clones were obtained and several clones were sequenced.
In situ hybridization
From a full-length cDNA clone of 2.3 kb, a 1.1 kb fragment (corresponding to nucleotides 618-1724) was used to synthesize digoxigenin-labeled antisense probes against cbx, with a Genius RNA Labeling kit following the manufacturer's instructions (Roche Molecular Biochemicals). The digoxigenin-labeled antisense probes were used for in situ hybridization with 10 mm cryosections of chick brain and retina as previously described (Li et al., 1999a (Li et al., , 1999b . Digoxigenin-labeled antisense probe for chx10 was prepared as described (Yan and Wang, 1998) .
Production of polyclonal antibody against recombinant Cbx protein
The sequence coding for the C-terminal 200 residues (which excluded the homeodomain) of Cbx protein was polymerase chain reaction (PCR) amplified from a primary cDNA clone. The DNA fragment was subcloned into pGEMEX-2 to express a fusion protein. The fusion protein was partially purified and used as immunogen to obtain rabbit polyclonal antibodies. The antibody was affinity-purified following the previously described procedures (Wang and Adler, 1995) .
Immunohistochemistry
Standard immunohistochemistry was carried out with 10 mm cryosections of the retina. Primary antibodies used in this study include monoclonal antibody (clone MC5) against PKC (Sigma; 1:500); monoclonal antibody against Goa (Chemicon; 1:500 dilution); polyclonal antibody against p27 (Spafas, 1:500), and monoclonal antibody against BrdU (developed by Dr Stephen J. Kaufman, obtained from the Developmental Studies Hybridoma Bank, Iowa University, 1:25). Affinity-purified anti-Cbx was used at a 1:1000 dilution.
Double-labeling
Cryosections of the retina were subjected to in situ hybridization (with purple-blue signals) followed by immunohistochemistry (with red signals). Alternatively, the sections were subjected sequentially to different primary antibodies, secondary antibodies, and colorimetric substances to differentiate the immunostaining signals. Hoechst 33258 was used to counterstain all nuclei in a tectal section after in situ hybridization. Pulse-labeling of chick embryos with BrdU and doubling-labeling for cbx mRNA and BrdU incorporation was carried out following the previously described procedures (Li et al., 1999a ).
Cell counting
PKC
1 cells were counted from eight cross-sections at or near the meridional plane of a retina with a 20 £ objective. An average was calculated from 20 to 32 view areas at equivalent anatomical locations of the eight sections of one retina. The average was then used to obtain the means and SDs for three independent retinas for each experimental group with a computer program, Origin 4.1.
Generating retrovirus expressing cbx and En-cbx(HD)
The coding region of cbx was PCR amplified with primers based on the sequence of the full-length cDNA. The PCR product was first subcloned into shuttle vector Cla12Nco, and then inserted into proviral DNA vector RCAS (Hughes et al., 1987) to generated RCAS-cbx.
To generate an active repression construct, the repressor domain (the N-terminal 298 amino acids, designated as En) of Drosophila Engrailed was PCR amplified from genomic DNA. The DNA fragment was cloned into shuttle vector Cla12Nco and its sequence verified. A nuclear localization signal (Li et al., 1999 ) was inserted at the 3 0 end of En. A Cla I fragment containing En along with the nuclear localization signal was digested out of Cla12Nco and inserted into RCAS, resulting in recombinant proviral DNA, RCAS-En. A DNA fragment of 236 base pairs encoding Cbx homeobox domain, designated as cbx(HD), was PCR amplified and inserted, in frame, into Cla12Nco-En 3 0 to the nuclear localization signal. The cassette of En-cbx(HD) was then inserted into RCAS at the Cla I site to generate RCASEn-cbx(HD). The recombinant proviral DNA was introduced into chick embryonic fibroblast cells. Retrovirus particles were harvested from the medium and concentrated as described (Yan and Wang, 1998) . Production of RCAS-GFP was as previously described (Yan and Wang, 1998) . The titers of the retroviruses were 1-3 £ 10 8 pfu/ml.
Microinjection of retroviral particles into chick embryos
Concentrated retrovirus particles of RCAS-cbx, RCASEn-cbx(HD), RACS-En, and RCAS-GFP were microinjected into the neurotube and the subretinal space at E2, as previously described (Yan and Wang, 1998) . Eyes were dissected out from chicken embryos at different developmental stages. Retinas were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer at pH 7.4 for approximately 2 h. After three washes with phosphate-buffered saline (PBS), the eyes were placed in a solution of 20% sucrose overnight at 48C, embedded with 20% sucrose:OCT (2:1), frozen with liquid nitrogen, and kept at 2808C until use.
